Emerging data suggest that in polarized epithelial cells newly synthesized apical and basolateral plasma membrane proteins traffic through different endosomal compartments en route to the respective cell surface. However, direct evidence for trans-endosomal pathways of plasma membrane proteins is still missing and the mechanisms involved are poorly understood. Here, we imaged the entire biosynthetic route of rhodopsin-GFP, an apical marker in epithelial cells, synchronized through recombinant conditional aggregation domains, in live Madin-Darby canine kidney cells using spinning disk confocal microscopy. Our experiments directly demonstrate that rhodopsin-GFP traffics through apical recycling endosomes (AREs) that bear the small GTPase Rab11a before arriving at the apical membrane. Expression of dominant-negative Rab11a drastically reduced apical delivery of rhodopsin-GFP and caused its missorting to the basolateral membrane. Surprisingly, functional inhibition of dynamin-2 trapped rhodopsin-GFP at AREs and caused aberrant accumulation of coated vesicles on AREs, suggesting a previously unrecognized role for dynamin-2 in the scission of apical carrier vesicles from AREs. A second set of experiments, using a unique method to carry out total internal reflection fluorescence microscopy (TIRFM) from the apical side, allowed us to visualize the fusion of rhodopsin-GFP carrier vesicles, which occurred randomly all over the apical plasma membrane. Furthermore, two-color TIRFM showed that Rab11a-mCherry was present in rhodopsin-GFP carrier vesicles and was rapidly released upon fusion onset. Our results provide direct evidence for a role of AREs as a post-Golgi sorting hub in the biosynthetic route of polarized epithelia, with Rab11a regulating cargo sorting at AREs and carrier vesicle docking at the apical membrane. P olarized epithelial cells maintain separate apical and basolateral plasma membrane (PM) domains to carry out essential vectorial absorptive and secretory functions. Tightly regulated vesicular trafficking is required to sort and target distinct sets of proteins to their respective membranes (1). Studies performed with the epithelial model cell line Madin-Darby canine kidney (MDCK) indicate that newly synthesized membrane proteins take an indirect route to the PM. After leaving the trans-Golgi network (TGN), PM proteins first traverse endosomal compartments before reaching apical or basolateral cell surfaces (2-4). Some basolateral PM proteins traverse common recycling endosomes (CREs) where they are sorted into carrier vesicles directed toward the basolateral PM by clathrin and the clathrin adaptor AP-1B (5, 6). Alternatively, basolateral proteins can be sorted at the TGN by the clathrin adaptor AP-1A (7-9). Along the apical route it has been shown that nonraft-associated apical proteins traverse Rab11-positive apical recycling endosomes (AREs) en route to the apical PM (10). Trans-endosomal trafficking is likely to play important roles in cell physiology; for example, endosomal compartments may function as common regulatory hubs for newly synthesized and recycling PM proteins. In particular, recent data show that the small GTPase Rab11 is an important regulator of biological processes that require apical trafficking, e.g., lumen formation during epithelial tubulogenesis (11), apical secretion of discoidal/fusiform vesicles in bladder umbrella cells (12), and apical microvillus morphogenesis and rhodopsin localization in fly photoreceptors (13). However, despite the physiological importance of trans-endosomal trafficking, the underlying mechanisms remain largely unclear.
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Previous studies on trans-endosomal trafficking in polarized epithelial cells have relied on pulse chase/cell fractionation protocols (3, 4) or on monitoring how ablation of an endosomal compartment affects surface arrival of a given cargo protein (4, 6, 10) . These approaches, although valuable, provide limited resolution on the types of endosomes involved and on the kinetics of trans-endosomal trafficking. Elucidating the mechanisms of trans-endosomal trafficking in fully polarized epithelial cells will benefit from new methods that allow direct imaging and
Significance
The establishment and maintenance of epithelial polarity relies on the tight regulation of vesicular trafficking, which ensures that apical and basolateral membrane proteins reach their designated plasma membrane domains. Here, we report the direct visualization of biosynthetic trans-endosomal trafficking of apically targeted rhodopsin in polarized epithelial cells. Our work provides novel insights into the crosstalk between biosynthetic and endocytic pathways. We demonstrate that the small GTPase Rab11a regulates sorting at apical recycling endosomes (AREs) and is also implicated in carrier vesicle docking at the apical plasma membrane. We further unveil a surprising role for dynamin-2 in the release of apical carriers from AREs. Our data indicate that trans-endosomal trafficking is indispensable for accurate and high-fidelity apical delivery.
quantification of the transit through specific endosomal intermediates along the biosynthetic transport routes. Here, we report experiments in which we studied the biosynthetic trans-endosomal trafficking of an apical reporter, rhodopsin-GFP (14, 15) , synchronized by reversible aggregation at the endoplasmic reticulum (ER) through recombinant tagging with conditional aggregation domains (CADs) (16) . Post-Golgi trafficking through endosomal compartments of rhodopsin-GFP, freed from the CADs through a furin-cleavage site, was traced and quantified by spinning disk confocal microscopy and its surface delivery was analyzed using a unique total internal reflection fluorescence microscopy (TIRFM) protocol that allows live imaging of the apical PM (17) .
These experiments show that rhodopsin-GFP traverses AREs during apical transport and is delivered to the apical PM by carrier vesicles that fuse randomly with the cell surface. Our data also demonstrate that the GTPases Rab11a and dynamin-2 (dyn2) play active regulatory roles in trans-ARE trafficking and apical delivery and suggest that AREs are sorting-competent organelles. To our knowledge, this is a unique direct visualization of transendosomal trafficking in polarized epithelial cells by live imaging.
Results and Discussion
Synchronization of Biosynthetic Trafficking Using CAD. To study the biosynthetic route of rhodopsin in live cells, we generated a rhodopsin reporter, FM4-rhodopsin-GFP, that consists of rhodopsin tagged at the C terminus with GFP and at the N terminus with the human growth hormone signal sequence, four repeats of FM domains, and a furin cleavage site (Fig. 1A) . The signal sequence ensures insertion into the ER membrane during synthesis of FM4-rhodopsin-GFP. The FM domains are variants of FK506 binding protein 12 (FKBP12) with the ability to reversibly selfaggregate into homooligomers that dissociate within minutes after addition of the membrane permeable drug AP21998 (16, 18) . Through this CAD strategy, FM4-rhodopsin-GFP transiently expressed in subconfluent MDCK cells was largely retained at the ER, identified by calnexin labeling (Fig. 1B, 0 min) . A few minutes after dispersal of the aggregates by AP21998, FM4-rhodopsin-GFP reached the TGN, as revealed by colocalization with the TGN marker sialyltransferase-RFP (ST-RFP) (19) (Fig.  1B, 15 min) . At the TGN, furin, a protease enriched in this organelle (20) , removed the FM domains through a furin cleavage site ( Fig. 1 B and C) , thereby allowing unencumbered post-Golgi trafficking of rhodopsin-GFP. After 120 min, we observed prominent localization of rhodopsin-GFP at the PM (Fig. 1B) .
AP21998 also efficiently induced the release of FM4-rhodopsin-GFP from the ER in fully polarized MDCK cells grown on Transwell filters. Using time-lapse spinning disk confocal microscopy, we observed rhodopsin-GFP reaching the apical surface with high fidelity (Fig. 1D and Movie S1), through a vectorial route that does not involve transcytosis from the basolateral PM, as previously reported (14, 15) .
Rhodopsin Traverses Rab11a-Positive Endosomes en Route to the Apical PM. We first characterized by time-lapse imaging the trafficking of transiently transfected FM4-rhodopsin-GFP across the TGN in subconfluent MDCK cells stably expressing the TGN marker ST-RFP ( Fig. 2A) . Because it takes ∼15 min to set up the measurement at the microscope after addition of AP21998, a large fraction of FM4-rhodopsin-GFP was already present at the TGN when live imaging started (T = 15 min). Quantification of the time-lapse experiments demonstrated a monotonic decline in the colocalization of FM4-rhodopsin-GFP with ST-RFP (Fig.  2B) . After leaving the TGN, rhodopsin-GFP transiently accumulated at a ST-RFP-negative perinuclear compartment ( Fig. 2A , arrow, 45 min time point) before reaching the PM. To address whether or not this post-Golgi intermediate compartment represents Rab11a-positive recycling endosomes, we established an MDCK cell line stably expressing Rab11a-mCherry and observed the trafficking of FM4-rhodopsin-GFP in these cells plated at subconfluent density (Fig. 2C) . Indeed, we observed a temporary but significant colocalization of rhodopsin-GFP with Rab11a-mCherry that peaked ∼30 min after AP21998 addition (Fig. 2D) .
In polarized MDCK cells, Rab11a localizes to AREs, which, consistent with previous findings (21) , appeared as a subapical spot constituted by a cluster of vesicles around the centrosome (Fig. 2G) . Live imaging experiments in fully polarized MDCK cells showed that after release from the ST-RFP-labeled TGN, rhodopsin-GFP transiently colocalized with Rab11a-labeled AREs before reaching the apical PM (Fig. 2 E-H) . The slight difference in the kinetics of ARE-exit between subconfluent and polarized MDCK cells is probably due to cytoskeletal rearrangements and morphological changes upon cell polarization, which alter the transport tracks and relative distances between the involved compartments.
Thus, our live-imaging experiments show that in both subconfluent and polarized MDCK cells, newly synthesized rhodopsin-GFP colocalizes successively with ST-RFP and Rab11a-mCherry before its appearance at the PM. This clearly indicates that after exiting the TGN, rhodopsin-GFP transits through Rab11a-positive endosomes en route to the apical surface.
Functional Rab11 Is Required for Apical Delivery of Rhodopsin from ARE. In pilot steady-state localization experiments in polarized MDCK cells, we found that coexpression of untagged rhodopsin with GFP-tagged Rab11aS25N, a dominant negative (DN) mutant Rab11a (DN-Rab11a-GFP), but not with wild type (WT)-Rab11a-GFP, resulted in mislocalization of rhodopsin to the basolateral PM and to intracellular compartments (Fig. S1 ). Subsequent live imaging experiments of FM-rhodopsin-GFP in polarized MDCK cells consistently showed that DN-Rab11a-mCherry induced mislocalization of rhodopsin-GFP to both the basolateral PM ( Fig. S2 , arrows) and intracellular compartments.
To precisely quantify the surface delivery of rhodopsin-GFP, we generated an FM4-HA-rhodopsin-GFP reporter. The hemagglutinin (HA) tag was inserted between the furin cleavage site and rhodopsin's N terminus, which is exposed to the extracellular space, thus allowing specific detection and quantification of PMlocalized HA-rhodopsin-GFP using an anti-HA antibody. We first validated the assay in subconfluent cells (Fig. S3) . We then used the assay to measure the rhodopsin surface delivery in polarized MDCK cells. To this end, we transiently transfected polarized MDCK cells grown on filters with FM4-HA-rhodopsin-GFP together with either Rab11a-mCherry, DN-Rab11a-mCherry, or mCherry as a control. Three hours after release, HA antibodies were added to either the apical or basal side of live cells to access HA-rhodopsin-GFP that was delivered to the respective surface domain. Immunolabeling (Fig. 3A) and subsequent quantitative analyses (Fig. 3B) showed that HA-rhodopsin-GFP was predominantly delivered to the apical surface in control cells coexpressing mCherry. Coexpression of Rab11a-mCherry preserved apical targeting of HA-rhodopsin-GFP (Fig. 3A) ; albeit we observed a slight decrease in apical surface delivery rate (Fig. 3B) , probably due to a weak inhibitory effect caused by the transient overexpression of Rab11a-mCherry. By contrast, coexpression of DN-Rab11a-mCherry significantly reduced apical surface delivery of HA-rhodopsin-GFP (to ∼16% compared with mCherry coexpressing control cells; Fig. 3B ), which was accompanied by an increase in intracellular accumulation (Fig. 3A) . Interestingly, coexpression of DN-Rab11a-mCherry also caused an approximately fivefold increase in basolateral delivery of HA-rhodopsin-GFP ( Fig. 3 A and B) .
To control for the specificity of Rab11a's involvement in rhodopsin biosynthetic trafficking, we inhibited Rab5, a resident of early endosomes, using a similar approach (22) . As expected, overexpression of mCherry-tagged DN mutant Rab5 (Rab5S34N) did not interfere with apical targeting of rhodopsin-GFP in polarized MDCK cells (Fig. S4A ). As an additional control, we tested the effect of DN-Rab11a-mCherry on the targeting of neural cell adhesion molecule (NCAM), a basolateral marker in MDCK cells (23) . Overexpression of DN-Rab11a-mCherry did not affect the basolateral targeting of FM4-NCAM-GFP (Fig. S4B ), indicating that the overall polarity of cells was not compromised in our experimental setup.
Taken together, the experiments described in this section demonstrate that Rab11a regulates apical protein targeting from AREs to the apical PM and suggest that AREs are sortingcompetent organelles.
Dyn2 Is Required for the Exit of Rhodopsin from AREs. The GTPase dynamin plays an important role in clathrin-dependent and -independent endocytosis from the PM and in various actin-regulated processes (24) . The ubiquitous isoform dyn2 has also been shown to mediate the scission of carrier vesicles from the TGN (25, 26) ; in subconfluent MDCK cells, inhibition of dyn2 blocks the TGN release of vesicles carrying the apical marker p75 (27) . Although perturbing dyn2 function has also been shown to inhibit the surface delivery of p75 in polarized MDCK cells (28), the subcellular compartment at which p75 transport is blocked has not been examined. To date, the exact function of dyn2 in surface protein delivery in polarized epithelial cells remains unclear.
Previous reports showed that dynamin/shibire localizes to Rab11-positive endosomes in Drosophila (29) . Hence, we investigated whether dyn2 is involved in apical trafficking of rhodopsin in polarized MDCK cells using the FM4-rhodopsin-GFP synchronization approach. We found that coexpression of WTdyn2-RFP did not affect the apical surface targeting of rhodopsin-GFP (Fig. 4A) . By contrast, DN-dyn2-mCherry (dyn2 with K44A mutation) drastically reduced the surface appearance of cotransfected rhodopsin-GFP ( Fig. 4 B and C). Note that under the same expression conditions, DN-dyn2 did not detectably disturb overall cell polarity (Fig. S5 ). To corroborate our findings via the dominant negative approach, we also showed that the cell-permeable dynamin inhibitor dynasore (30) was able to block the apical delivery of rhodopsin-GFP in a dosagedependent manner (Fig. 4C) .
Of great interest, in DN-dyn2-expressing cells rhodopsin-GFP was retained predominantly at Rab11a-positive AREs (68 ± 2%, n = 5) (Fig. 4B, arrows) , rather than at the giantin-labeled Golgi apparatus (3 ± 1%, n = 5) (Fig. 4B and Fig. S6A ). Similar results were obtained using cells coexpressing DN-dyn2-GFP and FM4-rhodopsin-mCherry (i.e., by switching the fluorescent tags of rhodopsin and dyn2) (Fig. S6B) . Furthermore, shRNA-mediated knockdown of dyn2 also interfered with PM targeting of rhodopsin ( Fig. S6 C and D) . We found that a small fraction of either ectopically expressed (Fig. S7A ) or endogenous dyn2 ( Fig.  S7 A and B) was in close vicinity to Rab11a-labeled AREs, consistent with the idea that dyn2 is transiently recruited to AREs to participate in the scission of vesicles.
We subsequently performed ultrastructural analyses on polarized MDCK cells expressing dyn2 variants. Expression of DNdyn2, but not WT-dyn2, induced aberrant accumulation of coated pits on the PM (Fig. S7 D and F vs. C and E), consistent with a role for dyn2 in PM endocytosis (24, 31) . Furthermore, DN-dyn2 expression increased the occurrence of coated structures attached to Rab11a-immunogold-labeled subapical tubules, which likely represent AREs (Fig. 4 E vs. D) . By including ruthenium red (a dye for assessing cell surface accessibility) (31) during fixation, we found that in DN-dyn2-expressing cells coated structures frequently appeared on ruthenium red-positive tubules emanating from the PM (Fig. S7F , white arrowhead), whereas ruthenium red-negative ARE-like structures bearing coats were found in the subapical cytosol (Fig. S7F , white arrows). These results support the view that DN-dyn2 inhibits scission of post-ARE carriers. Collectively, these findings provide strong evidence that dyn2 regulates the release of apical vesicular carriers from AREs, instead of the TGN, in polarized epithelial cells.
Rab11a Is Present on Rhodopsin Vesicles Undergoing Apical Membrane
Fusion: A Role for Rab11a in Vesicle Docking. To image the progression of rhodopsin-GFP from Rab11a-positive AREs to the apical PM, we used a recently developed biochip that enables TIRFM at the apical PM of polarized epithelial cells (17) . Briefly, after a polarized monolayer of MDCK cells is grown on the biochip, the whole chip is inverted and placed on a glass coverslip on a microscope. The chip allows approaching the cells to the glass surface with submicrometer precision so that the apical PM can be imaged using selective excitation via a shallow (∼200 nm) evanescent wave (32) . This technique allows observation of individual apical vesicle fusion events, including the subsequent diffusive spreading of cargo proteins (17) . Indeed, starting at ∼1 h after release from the ER, we observed vesicles bearing rhodopsin-GFP fusing with the apical PM. A representative fusion event is shown in Fig. 5A . The mean intensity (I M ) of rhodopsin-GFP measured in a 1 μm × 1 μm region centered at the fusion site was determined as a measure for the amount of rhodopsin-GFP delivered by the vesicle during the fusion process (Fig. 5B) . I M showed a sharp increase at the onset of fusion, because the vesicle entered regions with higher excitation intensity within the exponentially declining evanescent wave when it was moved closer to the PM during priming (33, 34) . The sharp increase in I M was followed by an exponential decay phase, which is due to diffusive spreading of rhodopsin-GFP along the apical PM. Interestingly, in some fusion events rhodopsin-GFP underwent circularly symmetrical spreading (Fig. 5A) , whereas in other fusion events, the diffusion was asymmetrical ( Fig. S8A) , likely representing diffusion into adjacent microvilli. Furthermore, rhodopsin-GFP vesicle fusion events were rather randomly distributed throughout the apical PM (Fig.  S8B ), indicating that there was no preferred fusion site. Importantly, all rhodopsin-GFP vesicle fusion events also showed a weak, but well-defined, signal of Rab11a-mCherry (Fig. 5A) , indicating that rhodopsin-GFP-bearing vesicles undergoing fusion also carried Rab11a-mCherry. The time constant of the exponential decay phase for rhodopsin-GFP was significantly larger than the time constant for Rab11a-mCherry (2.26 ± 0.08 s vs. 0.89 ± 0.17 s, respectively, for the fusion event shown in Fig. 5B ). This indicates that Rab11a-mCherry left the fusion site much faster than rhodopsin-GFP. In addition, we observed the same behavior of rhodopsin-GFP and Rab11a-mCherry during vesicle fusion with the PM using classic TIRFM at the adherent membrane of subconfluent MDCK cells (Fig. S9A) . These experiments showed that all rhodopsin-GFP-bearing vesicles undergoing fusion also carried Rab11a-mCherry (100%, n = 20; Fig. S9A ), suggesting that Rab11a plays a role in the docking of rhodopsin vesicles at the apical PM. Consistent with several recent studies that showed that Rab11a and its isoform Rab11b tend to participate in trafficking of different cargoes (11, (35) (36) (37) , we found that only a minor fraction of fusion events exhibited a detectable Rab11b-mCherry signal (20%, n = 20; Fig. S9B ).
Conclusions
Our current knowledge of vectorial protein trafficking in polarized epithelia has been greatly advanced by the investigation of exogenously expressed reporter molecules, which are predominantly delivered to either apical or basolateral domains (4). Although not endogenously expressed, studying rhodopsin's transport in MDCK cells has led to the discovery of a unique cytoplasmic targeting signal and dynein's involvement in apical targeting (14, 15) . Here, using a combination of CAD-mediated synchronization of transport with high-resolution microscopy methods, we were able to directly visualize and quantify transendosomal trafficking of rhodopsin-GFP in polarized epithelial cells. Our results demonstrate that rhodopsin transits obligatorily through AREs, where it is sorted by a Rab11a-mediated mechanism into carrier vesicles, which are released by dyn2. This provides a mechanistic explanation for rhodopsin's mislocalization in fly photoreceptors in which Rab11 has been silenced by RNAi (13) . We also show, using apical TIRFM, that rhodopsin-bearing vesicles fusing with the apical PM also carry Rab11a, which is quickly released after fusion onset, consistent with a role of Rab11a in vesicle docking. In support of this proposal, a role for Rab11a in regulating vesicle fusion at the PM has recently been proposed in the endosomal recycling of langerin in nonpolarized cells (38) .
Our results add substantial support to the concept that AREs are a central intermediate compartment along multiple intracellular trafficking routes, including transcytosis in both directions (21, 29) , biosynthetic basolateral protein targeting (39) , and biosynthetic apical PM targeting (ref. 10 and this paper). Future work will be needed to define and dissect specific roles of various Rab11 effectors (e.g., Rab11FIP1-5, Sec15, and Rabin8 (11, 40, 41) in distinct trafficking pathways regulated by Rab11 and AREs.
In addition, we demonstrate a previously undescribed function of dyn2 in the release of biosynthetic apical cargo from AREs. The defective fission of coated vesicles from AREs caused by DN-dyn2 strongly argues that dyn2 has a physiologically relevant role in ARE trafficking, which is not only restricted to the transport of rhodopsin. Further studies are needed to identify a cognate cargo(es) as well as the composition of coats. Finally, dyn2 is not required for the surface delivery of basolateral markers like To enhance the visibility of Rab11a-mCherry signal, the same non-time-depend uneven background has been subtracted from all Rab11a-mCherry time-lapse images. The onset of the fusion event is marked with white arrows. (B) Time course of the mean intensity measured at a 1 μm × 1 μm region centered at the fusion site for the rhodopsin-GFP signal and Rab11a-mCherry signal from the fusion event shown in Fig. 5A .
VSV-G protein (28) . The scission of carrier vesicles coated by clathrin and AP-1, which have been implicated in the basolateral sorting of PM proteins (8, 19) , is also dyn2 independent (42). Hence, it will be interesting to test whether or not dyn2 is uniquely required for apical PM protein targeting.
Materials and Methods
Detailed materials and methods are available in SI Materials and Methods. Briefly, for spinning disk confocal microscopy, MDCK II cells were cultured on Transwell filters for 4 d and transfected with the indicated plasmids using Lipofectamine 2000 (Invitrogen). Six hours later, the filters were removed and placed with the cells pointing downward on a glass coverslip on an inverted microscope (Zeiss; Axio Observer Z1). Release of FM4-rhodopsin-GFP from the ER was initiated by addition of 5 μM AP21998 (ARIAD).
The procedure for apical TIRFM by means of a biochip has been described previously (17) . Briefly, MDCK II cells were grown on a fibronectin-coated cell culture area on top of the biochip for 4 d before transfection with the indicated plasmids. After addition of 5 μM AP21998, the biochip was placed upside down on a BSA-coated glass slide on an inverted microscope (Zeiss; Axiovert 200). The biochip enabled precise positioning of the cells' apical PM to the evanescent wave, which allowed imaging the fusion of rhodopsin carrier vesicles with the apical PM by apical TIRFM. The following primary antibodies were used: rabbit anticalnexin (Sigma Aldrich), rabbit anti-Rab11a (Invitrogen), mouse antigiantin (LifeSpan Biosciences), rabbit anti-GFP (Abcam), mouse anti-beta-actin (Sigma Aldrich), mouse anti-dyn2 (BD Biosciences), rabbit anti-beta-catenin (Abcam), and rat anti-ZO-1 (Millipore). Secondary anti-mouse and anti-rabbit antibodies conjugated to Alexa405, Alexa488, Alexa555, and Alexa647 and anti-rat antibody conjugated to Alexa488 were purchased from Invitrogen. Secondary anti-mouse and anti-rabbit IRDye680-and IRDye800-conjugated antibodies were purchased from LI-COR. Five nanometers of colloidal gold-conjugated anti-rabbit antibodies was purchased from GE Healthcare. Mouse anti-HA antibody (Covance) was directly conjugated to Cy5 using a Cy5 conjugation kit (GE Healthcare). Adenovirus encoding dyn2-WT and dyn2-K44A (1) were purchased from University of Iowa Gene Transfer Vector Core.
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Plasmids. The plasmid encoding FM4-rhodopsin-GFP was made in a multistep process. First, the human growth hormone signal sequence followed by four FM domains and a furin cleavage site were PCR amplified from the plasmid pC4S1-FM4-FCS-hGH (ARIAD) with the primer pair 5′-GACTGCTAGCGCCAC-CATGGCTACAGGCTCCCGGAC-3′ and 5′-CGTAAGATC-TGATCTCTTCTGACGGTTTCTAGC-3′, which introduced a BmtI restriction site at the 5′ end and a BglII restriction site at the 3′ end and then cloned into pEGFP-N1 (Clontech) resulting in the intermediate plasmid pFM4-GFP. Next, GFP-tagged rhodopsin followed by a repeat of the last eight residues of rhodopsin's C terminus was PCR amplified from a previously described plasmid (2) using the primer pair 5′-GACTAAGCTTATGAATGGCAC-AGAAGGCCC-3′ and 5′-CGTAGCGGCCGCCTTAGGCCGG-GGCCACCTG-3′, which introduced a HindIII restriction site at the 5′ end and a NotI restriction site at the 3′ end. The PCR product was then cloned into FM4-GFP resulting in the plasmid encoding FM4-rhodopsin-GFP.
Plasmids encoding GFP-tagged wild type and dominant negative Rab11a and dyn-2 were gifts from Tim McGraw (Weill Medical College of Cornell University, New York) and Pietro De Camilli (Yale University School of Medicine, New Haven, CT), respectively. The plasmid encoding Rab11b was a gift from Michael Butterworth (University of Pittsburgh, Pittsburgh) (3). The plasmids encoding Rab11a-mCherry, Rab11b-mCherry, DN-Rab11a-mCherry, dyn2-RFP, and dyn2-K44A-mCherry were generated by swapping GFP for mCherry or RFP using restriction enzyme cloning strategies. All plasmids were verified by sequencing.
Cell Culture and Stable Cell Lines. Madin-Darby canine kidney (MDCK) II cells were cultured in DMEM supplemented with 5% (vol/vol) FCS at 37°C and 5% (vol/vol) CO 2 . MDCK II cells stably expressing Rab11a-mCherry were established by transfecting WT MDCK II cells with Rab11a-mCherry by electroporation (Amaxa) followed by grams per milliliters of G418. The MDCK II cell line stably expressing ST-RFP has been previously described (4).
Lentivirus Production. Dyn2 knockdown was performed via lentivirus-mediated shRNA expression. The plasmid pLVTH (5) was modified by Gibson assembly (6) to encode for dyn2-shRNA based on the target sequence GACATGATCCTGCAGTTCA (7). The resulting plasmid, pLVTH-i-dyn2, encodes for both dyn2-shRNA and GFP. Lentiviral particles were produced by transfecting HEK 293T cells with pCMV-ΔR8.91, pMD2G-VSVG (5), and pLVTH-i-dyn2. The supernatant was collected after 3 d and lentiviral particles were concentrated with centrifugal filter units (Amicon Ultra-15 50K; Millipore) and resuspended in cell culture medium.
Immunoblotting. Subconfluent MDCK cells transfected with FM4-rhodopsin-GFP were treated with AP21998 for the indicated times and then lysed in 50 mM Tris·HCl, pH 7.4, 150 mM NaCl, 25 mM KCl, 2 mM EDTA, 1% sodium deoxycholate, 0.1% SDS, 1% Triton X-100, supplemented with 1 mM PMSF and 15 μg·mL −1 leupeptin/pepstatin/antipain and 37 μg·mL −1 benzamidine-HCl for 30 min at 4°C. Lysates were cleared by centrifugation (18,000 × g for 10 min) and 20 μg of protein was subjected to standard SDS/PAGE and immunoblotting analysis. Protein bands were detected by Odyssey scanner (LI-COR).
Immunocytochemistry. For immunostaining, cells were fixed with 1% paraformaldehyde for 15 min at room temperature, followed by permeabilization in 0.1% Triton X-100 for 5 min. After blocking in 1% BSA and 0.5% Tween-20, cells were incubated with indicated primary antibodies and then with appropriate secondary antibodies conjugated to fluorescent dyes. Nuclei were counterstained with DAPI and cells were mounted in DABCO/ glycerol solution.
Live Cell Confocal Imaging and Image Analysis. For experiments with polarized cells, cells were cultured on Transwell filters (polycarbonate, 0.4 μm pore size; Corning) for 4 d. On the day of measurement, cells were transfected with indicated plasmids from the apical side using Lipofectamine 2000 (Invitrogen) for 6 h and then treated with 100 μg/mL cycloheximide (Sigma) for 1 h. For measurement, the filter was cut out with a scalpel and carefully placed with the cells pointing downward on a glass coverslip. A cloning cylinder was placed on top of the filter to stabilize the cell layer in a position within the working distance of the microscope objective. For experiments with subconfluent cells, cells were sparsely seeded on eight-well chambered coverslips (Nunc Lab-Tek) and allowed to attach overnight. On the day of measurement, cells were transfected with indicated plasmids using Lipofectamine 2000 (Invitrogen) for 6 h and then treated with 100 μg/mL cycloheximide for 1 h. Imaging was done in recording medium [HBSS supplemented with 1% FBS, 4.5 g/L glucose, 100 μg/mL cycloheximide, and 5 μM AP21998 (ARIAD)] on a Axio Observer Z1 (Zeiss) equipped with a spinning disk confocal unit (CSU-X1; Yokogawa), an Orca-R2 CCD camera (Hamamatsu), a sample holder heated to 37°C, and a 40× N.A. 1.4 objective with additional 1.6× Optovar magnification. The colocalization of FM4-rhodopsin-GFP with compartment markers was calculated as a Manders M1 coefficient (8) by using a customwritten Matlab program (MathWorks, release 12).
Cell Surface Arrival Assay. Polarized cells grown on Transwell filters were transfected from the apical side for 6 h and then treated with 100 μg/mL cycloheximide for 1 h. AP21998 was applied for 3 h and then cells were incubated with Cy5-conjugated anti-HA antibody from the apical or basolateral side for 1 h. After washes, cells were fixed and mounted. In the case of dynasore treatment, the cells were washed three times with medium without FCS before release and the further experiment was carried out with FCS-free medium. To quantify HA-rhodopsin surface arrival, confocal image stacks of the samples were taken, and the HA-rhodopsin-GFP and anti-HA-Cy5 signals were determined for single cells by a custom-written Matlab program.
Apical Total Internal Reflection Fluorescence Microscopy and Imaging
of Apical Vesicle Fusion Events. The biochip for apical total internal reflection fluorescence microscopy (TIRFM) and the cell culture procedure on the biochip have been described previously (9) . Briefly, MDCK II cells were grown on the fibronectin-coated cell culture area of the polydimethylsiloxane-based biochip (9) for 4 d before transfection with indicated plasmids. Immediately before measurement, the medium was changed to recording medium. Then, the chip was transferred to the microscope and placed upside down on a BSA-coated glass slide. Imaging was done with a homemade TIRFM setup, as described previously (10) . Briefly, the setup is based on an Axiovert 200 microscope (Zeiss) and equipped with a 100× N.A. 1.46 alpha-plan-apochromat objective and CoolSnap CCD cameras (Photometrics). Images were acquired with Cytoscout software (CBL) at a frame rate of 5 fps. The mean intensities I M delivered by the fusing vesicle in a 1 μm × 1 μm area centered at the fusion site were determined by a customwritten Matlab program.
Adenovirus Infection and Transmission Electron Microscopic analysis.
Polystyrene filter-grown polarized MDCK monolayers were infected with adenovirus from the basolateral surfaces for 3 h, as previously described (11) . To perform transmission electron microscopic (TEM) analysis, we optimized the conditions so that >90% cells exhibited increased dyn2 signal 1 d after infection. Cells were rinsed with warm DMEM and PBS/Ca/Mg, and then fixed in 4% (wt/vol) paraformaldehyde for 10 min. At this time point, cells were processed for conventional TEM analysis (12) or immuno-EM (13) as described with minor modifications. For immunolocalization of Rab11a, fixed cells were incubated with Rab11a antibody in 0.5% BSA/PBS followed by 5 nm goldconjugated secondary antibody and followed by postfixation in 2% (wt/vol) glutaraldehyde for 10 min, washed, and submerged in 2% (wt/vol) osmium tetroxide for 1 h. After thorough washes in 0.1 M phosphate buffer, filters were dehydrated in graded ethanol series, followed by propylene oxide, and embedded in Epon resin in a flat mold. Blocks were baked at 60 degrees for 3 d before ultrathin sectioning, followed by counterstaining with uranyl acetate and lead citrate. Samples were viewed with a CM10 electron microscope (Philips). Fig. S3 . Validation of detection method for surface targeting of rhodopsin using FM4-HA-rhodopsin-GFP. Three hours after AP21998 release, subconfluent MDCK cells transfected with FM4-HA-rhodopsin-GFP were fixed in 1% paraformaldehyde. These cells were stained under nonpermeablizing conditions with anti-HA antibody followed by Cy5-conjugated secondary antibody to detect surface rhodopsin. Note that no surface rhodopsin is visible in control samples that have not been treated with AP21998 (ctrl: not released) or in samples that were released and did receive only secondary Cy5-conjugated antibody, but no primary anti-HA antibody (ctrl: 3 h released, no prim. AB). After fixation, cells were stained with DAPI (blue) and imaged with a confocal microscope. Three apico-basal cross-sectional views that contain both dyn2-shRNA-lentivirus infected cells (green) and noninfected cells, are shown. Note that in nonlentivirus-infected cells rhodopsin-mCherry (white arrows) reaches the PM, whereas in lentivirus-infected cells (white arrowheads), rhodopsin-mCherry is retained in the cytosol. . In both conditions ruthenium red reaction products cover the outer surfaces of the cells including the microvilli (black arrowheads). White arrowhead in F points to a coated pit arrested on a ruthenium red-labeled PM invagination. Coated structures were also frequently found on ruthenium red-devoid subapical compartments (white arrows) of DN-dyn2 (F), but not WT-dyn2 (E) expressing cells. Movie S1. A 3D time-lapse representation of apical trafficking of FM4-rhodopsin-GFP in polarized MDCK cells. Filter grown MDCK cells were transiently transfected with FM4-rhodopsin-GFP using Lipofectamine 2000. Next, filters were cut out and placed on a glass coverslip in recording medium. The cells were transferred to a spinning disk confocal microscope and imaging was initiated 15 min after addition of AP21998.
Movie S1
